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Introduction
Stimuli-responsive polymers have attracted research interest, because they represent a route to obtain materials with novel and controllable architectures, functions and properties [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . The main advantage of these materials resides in their ability to self-assemble to provide a core for the encapsulation of various active compounds, released under the action of different external stimuli [1, 2, 4, 8, 12, 14, 16, 17] . Known also as smart polymers, stimuli-sensitive polymers have become very popular due to their interesting properties and specific applications, mainly in drug delivery systems, sensors, therapeutic devices, and optoelectronic switches [1, [3] [4] [5] [6] 9, [13] [14] [15] [16] [17] [18] . Multi-stimuli-responsive systems with potential biotechnological and biomedical applications are also of great interest [11] [12] [13] [14] [15] 17, 18] . Different external stimuli such as temperature [1] [2] [3] [4] [5] [6] [7] 9, 13, 17, 18] electric or magnetic fields [2, 8, 9, 12] , light [10, 14, 16] , pH [1] [2] [3] 9, 11, 14, 17, 18] , ionic factors [2, 8] , biological molecules, and chemical agents [1, 2, [7] [8] [9] 15] can trigger visible and useful changes in the polymer properties. Temperature is used for producing such changes at a large scale, desirable for many applications. It is well known that thermo-sensitive polymers exhibit a lower or upper critical solution temperature [2] . Polymers which have a lower critical solution temperature (LCST) are soluble in a specific solvent (typically water) below the LCST and become insoluble above the LCST. This phase transition can be exploited in controlled drug delivery systems or specific carriers for catalysts, known sometimes as "nanoreactors" [19] . Thermo-sensitive polymers and copolymers based mainly on poly(Nisopropyl acrylamide) (PNIPAM) or on other poly(Nsubstituted acrylamide)s have been studied extensively and the mechanism of their reversible behavior in heating/cooling cycles has been explained [1] [2] [3] [4] [5] [6] [7] [8] [9] 13, 17] . The LCST may be tailored for different practical purposes by various chemical methods using either the functionalities of the backbone or the copolymerization strategies. Also, the architecture of the thermo-sensitive polymers can be diversified from linear polymers to graft or block copolymers, brushes, or dendrimers [2, [20] [21] [22] [23] [24] [25] . Boyer and co-workers obtained successfully hybrid polymer/gold nanoparticles with tunable LCST over the range o C by controlling the amount of the thermoresponsive entities [20] . Recently, a new series of first and second generation dendronized thermo-responsive polymers with controlled LCST has been introduced [21] [22] [23] . Sometimes, when biological applications are intended, it is important to bring LCST as close as possible to the physiological temperature around 37 o C. There are different ways to adjust the proprieties of polymers carrying hydrophilic and/or hydrophobic groups in their chain for responding in a controlled manner to external stimuli, especially temperature. Poly(N-substituted acrylamide)s and mainly N-isopropyl acrylamide (NIPAM) (with a LCST in water at around 31-32 o C [26]) proved to be useful when tethered to such macromolecules in designing the architecture and control of the phase transition temperatures [7, 13, 17, [27] [28] [29] [30] [31] ]. An alternative for combining PNIPAM with different polymers is to graft NIPAM or other N-substituted acrylamide)s on the macromolecular chain [6, 29] . N,N'-dimethyl acrylamide (DMA) is a monomer with excellent solubility in water and it is often copolymerized with other stimuli-responsive macromolecules [31] [32] [33] to control of the thermosensitive properties and LCST. Poly(N,N'-dimethyl acrylamide) (PDMA) is also known to have a LCST but its high value determined mainly from the studies of its copolymers limits the applications. The LCST of PDMA si expected to be higher than 100 o C [25] , and recently, the LCST of PDMA was proved to be 216 o C, by a combination of micro-calorimetry and cloud point determination [33] . Graft copolymerization of thermosensitive monomers such as NIPAM or DMA onto polysiloxanic chains is not mentioned in the literature as an alternative to control the thermo-responsiveness of the obtained materials. Consequently, getting an insight in the synthesis, characterization and applications of such systems is still of interest.
Living radical polymerization (LRP) used for many years to create polymeric systems with well-defined architectures and precise control of the molecular weight and molecular weight distribution also found interesting applications in the synthesis of thermosensitive polymers with tailored properties [34] [35] [36] [37] [38] [39] . Single-electron transfer living radical polymerization (SET LRP) developed by Percec et al. [37] proved to be a more specific, rapid and robust method effective for the synthesis of poly(acrylate)s and many other polymers [35] [36] [37] [38] . SET LRP can be mediated by Cu(0) powder [40] [41] [42] [43] [44] [45] or Cu(0) wire [46] [47] [48] [49] [50] [51] .
Our group focuses on studying the hybrid polymers (organic/inorganic) and the possibilities of tailoring their properties for specific applications. In previous studies, we noticed the LCST behavior of such novel structures. Moreover we supposed that the contribution of the polysiloxanic chain flexibility will decrease the LCST value corresponding to the PDMA (a correct supposition as one result from the experiments). The aim of this paper is to report the results obtained in the SET-LRP synthesis of polysiloxane (PSI) containing chlorobenzyl groups in the side-chain grafted with branches resulted from the homopolymerization of N,N'-dimethyl acrylamide (DMA) or the copolymerization of DMA and methyl methacrylate (MMA). Our intention was to obtain flexible, thermo-sensitive polymers and to control the critical temperature through the polymer architecture. The final properties of the polymers are controlled through the balance between the hydrophilic and hydrophobic segments in the macromolecule. Moreover, the high hydrophobicity of the polysiloxane can facilitate the aggregation of the graft structures into micelles. Using polysiloxanic segments bearing both hydrophobic and hydrophilic groups connected onto the main chain, photosensitive micellar systems capable of hierarchical self-assembly (intermicellar clusters) were obtained [16] . The effects of the structure of the side chains on the thermal and rheological properties were investigated. The polymers are expected to find applications as carriers for different catalytic systems, being able to release the contents at a desired reaction temperature.
Experimental procedure

Materials
Before the synthesis, N,N'-dimethyl acrylamide (DMA) (Aldrich, 99%) and methyl methacrylate (MMA) (Merck, 99%) were passed once through a basic alumina column to remove the polymerization inhibitor. 2,2'-bipyridyl (bipy) (Fluka, 98%) was purified by re-crystallization, dried under vacuum, and stored under argon. All other solvents (chloroform, dimethylsulfoxide (DMSO), diethyl ether) and chemicals were from Aldrich (98.5-99.5%) and used as received. The synthesis and purification of the macroinitiator (linear or cyclic polysiloxane with chlorobenzyl side groups) (PSI) used in the present study were performed according to the methods previously described in [52] .
Instruments
1 H-NMR spectroscopy, fluorescence spectroscopy, differential scanning calorimetry (DSC), dynamic light scattering (DLS), and rheology were used for the polymer characterization. The 1 H-NMR spectra were recorded on a Bruker 400 MHz apparatus. DSC curves were recorded on a Mettler DSC12E calorimeter with a heating/cooling rate of 10 K min -1 . Rf-5301PC Shimadzu spectro-fluorometer was used for the fluorescence measurements. The classical method based on the fluorescence of pyrene was applied to evaluate the aggregation capacity of the amphiphilic polysiloxanes [53, 54] . The critical aggregation concentration (CAC) value was calculated using the first (I 1 ) and the third (I 3 ) absorption peaks of the fluorescence emission spectrum of pyrene. In aqueous solution, the I 1 /I 3 ratio value corresponding to the free pyrene (not incorporated in the micelles) is around 1.70-1.75. For concentrations lower than 10 -3 g L -1
, no aggregation process was evidenced, and the I 1 /I 3 ratio was around 1.7 [10, 16, 54] .
The aggregate morphology was studied using DLS and rheology. The DLS experiments were performed on a Zetasizer Nano ZS (Malvern Instruments, Southborough, MA) equipped with a He-Ne laser source (λ= 633 nm). The auto-correlation function was calculated automatically.
Rheological measurements were carried out using a Physica MCR 501 (Anton Paar, Austria) rheometer with a Peltier device for the temperature control. Parallel plate geometry with serrated plates was used to avoid slippage of the sample. The upper plate from stainless steel was 50 mm in diameter. A solvent trap was used in all rheological tests to diminish the solvent evaporation.
Polymer synthesis
Linear (PSI L ) or cyclic (PSI C ) polysiloxane containing chlorobenzyl groups in the side chain was used as macroinitiator in the SET-LRP reaction. In a typical reaction, 0.183 g bipy was added to 0.2 g PSI previously dissolved in DMSO (3 mL). The mixture was introduced in a 50 mL flask where 3 g of the corresponding monomer/ monomers (the amount of each monomer depending on the desired copolymerization ratios) and Cu wire (0.5 g) were added under stirring. The system was degassed by five freeze-pump-thaw cycles. The flask was heated at the reaction temperature (80 o C) and the synthesis was performed under nitrogen for 8 hours (Scheme 1). At the end of the reaction, the polymerization mixture was diluted with CHCl 3 and the catalyst was removed by passing the solution through alumina. The clear solution was then precipitated in diethyl ether, washed three times and dried under vacuum.
The characteristics of the synthesized polymers are presented in Table 1 .
Results and discussion
The structure of the graft polymers was confirmed by Thermo-responsiveness of polysiloxanes grafted with poly(dimethyl acrylamide) segments 90% for the cyclic one (the starting linear polysiloxane containing chlorobenzyl groups has for all the samples a molecular weight value M n = 4,800-5,000 and the cyclic polysiloxane M n = 800).
In Fig. 1 a typical 1 H-NMR spectrum of a linear polysiloxane grafted with poly (DMA-co-MMA) side chains is presented. The ratio between DMA and MMA structural units was calculated taking into consideration the signals corresponding to the methylenic groups from DMA (6H at 2.9 ppm) and MMA (3H at 3.7 ppm), respectively. In the 1 H-NMR spectrum can be identified, too, the signal corresponding to the methylenic groups from the polysiloxane structural units (at 0.1) ppm. This signal can be used to evaluate the degree of polymerization of the grafted chains.
Information about the glass transition temperature for the synthesized polymers was obtained from dynamic scanning calorimetric (DSC) studies (Table 2 ). All experiments were carried out on a Mettler Toledo DSC-1 Star System and the working procedure is as previously described [56] . The DSC curves are presented in Fig. 2 . The T g temperature was calculated as the inflection point on the DSC curves.
Data in Table 2 suggest that PDMA and poly(PDMAco-MMA) side chains grafted on the polysiloxane main chain determine the increase of the glass transition temperature from -40 º C (corresponding to the starting polysiloxane) to more than 85 º C for samples A1, A2, and A5. It is clear that longer grafts reduce the influence of the PSI backbone to the overall value of the glass transition temperature. The PSI backbone architecture (linear or cyclic) seems to have some influence on the T g values, as can be seen in Table 2 . Obviously the nature (increased rigidity of the PMMA segments) and the length of the side-chains have greater influence on the glass transition temperature than the polymer architecture.
It is known that the amphiphilic graft or block polymers are characterized by their ability to generate micelles in aqueous solutions [1, 2, 55] . Thus, the amphiphilic polymers containing hydrophilic side-chains grafted on a hydrophobic polysiloxanic backbone, presented in this study, are supposed to undergo aggregation/ disaggregation phenomena, depending on concentration. The synthetsized polymers are amphiphilic and thus characterized by the self-assembling ability. The critical aggregation concentration (CAC) values for the analyzed polymers were evaluated as a function of polymer concentration (Fig. 3) using the methodology described in a previous paper [56] . All the samples are soluble in water and give CAC values at the concentration range
. For the the micelles synthesized graft polysiloxanes are composed of hydrophobic polysiloxane core and a thermo-sensitive hydrophilic or even amphiphilic (due to the presence of MMA moieties) shell. The CAC value clearly depends on the nature of the side chains and the hydrophobic/hydrophilic balance of the macromolecule. As a consequence, the A4 samples with poly(DMA-co-MMA) branches will have a higher CAC in comparison to the A1 sample bearing only PDMA side chains.
The LCST of the synthesized graft copolymers (Table 1) was determined using rheological and DLS measurements. A series of aqueous solutions of the graft polysiloxanes at different concentrations (between 0.1 and 5 mg mL -1 ) were prepared for the rheological studies. Firstly a stain test (constant frequency, ω = 10 rad s -1 and variable oscillation amplitude between 0.01 and 100%) was performed to be sure all the other rheological measurements are within the limits of the linear-viscoelastic range (LVR). All experiments were carried out at 25 o C and the loss of solvent was avoided by the use of a solvent trap. The effects of frequency and concentration on the LVR were also checked. For this purpose, the amplitude sweep tests were carried out at different frequencies (between 0.5 and 30 rad s Thermo-responsiveness of polysiloxanes grafted with poly(dimethyl acrylamide) segments Because these two parameters showed no significant influence on the LVR, a deformation of 5% (within the LVR for all samples) was selected for all subsequent tests. For the evaluation of the thermo-sensitive character of the obtained systems temperature tests were performed using a constant frequency of 1 Hz and a constant strain inside the LVR limits for each sample (5%). The polymer solutions were placed between the plates of the measuring system and the temperature was increased between 10 and 80 0 C with a heating rate of 0.5 0 C min -1 . The variation of the storage modulus, loss modulus and complex viscosity with temperature is depicted in Fig. 4 for a 3 mg mL -1 solution of PSIg-poly(DMA-co-MMA) (A6). Following the evolution of the dynamic moduli and of the complex viscosity with temperature conclusions could be withdrawn regarding the changes induced in the macromolecular chains. Below the LCST, G">G' as in the case of liquid systems and the structure is stable probably due to the presence of numerous hydrogen bonds formed between the amide groups of the copolymer and water molecules. The changes in the shape of G', G" and mainly I η* I curves towards a minimum suggest the appearance of intermolecular collapse facilitating the movement of the macromolecular chains. Further increase of temperature induces an increase both in the dynamic moduli and the complex viscosity till a gel structure is developed as a consequence of the intermolecular aggregation phenomenon and the interactions of the formed aggregates [56] . The LCST for all the synthesized polymers (Table 1) was determined from the temperature sweeps experiments and by comparison with DLS measurements. As discussed and demonstrated in a previous paper [56] a very good correlation was found for the rheological results both with the DLS data and visual observations. Once more it was proved that rheology can be a very useful and sensitive tool for the LCST determination. The specific temperatures of the association/dissociation phenomena characteristic for the analyzed polymeric systems under heating could be clearly evidenced on the temperature sweep graphs. Rheological experiments allowed introducing supplementary information in the study of the changes appearing in organization of the macromolecular chains of polysiloxanes grafted with thermo-sensitive segments. As easily can be noticed in Fig. 5 the DLS measurements indicate a similar temperature for the commencement of the intermolecular aggregation.
Similar behavior was observed for PSI C -g-PDMA (A1) and PSI L -g-PDMA (A2) (Fig. 6a) . The intermolecular aggregation appears around 40 0 C and at 53 0 C for the samples A1 and A2, respectively, reflecting the influence of the architecture of the main chain on the aggregation processes. Also the temperature for the cross-over point of the two dynamic moduli is influenced by the nature of the backbone. The next step in our study was to check the influence of solution concentration on the LCST of the synthesized polymers. From Fig. 6b it is obvious that all the analyzed solutions (1, 3 and 5 mg mL -1 ) have similar LCST and only the temperature characteristic for the intermolecular aggregation is slightly modified. Probably here we can take into account the amplification of interactions between the side chains [25] . Fig. 6c presents the evolution of the complex viscosity with temperature for all the synthesized samples.
Analyzing the evolution of the complex viscosity with temperature different influences induced by the nature and architecture of the side chains are observable. For all samples the LCST can be rheologically evidenced. As expected the LCST value can be adjusted using various compositions and lengths of the branches. The distance and interactions among branches as well as their hydrophilic character also influence the aggregation/ disaggregation mechanism during heating. Both LCST and the temperature for the beginning of the aggregation process can be increased or decreased to obtain materials specific for particular applications through the correct design of the side-chains or the backbone (linear or cyclic). A good correlation was established between DLS and rheological results (Fig. 7) Using SET-LRP to graft branches of homopolymers of DMA and copolymers of DMA with MMA on linear or cyclic PSI produced thermo-sensitive watersoluble polymers and the transition temperatures could be rheollogically evidenced. The nature and architecture of the side-chains allows tuning of the LCST and controls the aggregation/ disaggregation processes appearing upon heating. The rheological tests evidenced a one-or two-step mechanism for the formation of intermolecular aggregates. Depending on the designed structure (nature, length and ratio of the structural units) thermo-sensitive polymers with a LCST between 45 and 62 0 C were obtained. Based on these observations, a mechanism was proposed for the temperature-dependent aggregation processes for all the synthesized polymers (Fig. 8) .
Conclusions
Polymers sensitive to temperature changes were synthesized by grafting linear or cyclic polysiloxanes with PDMA or PDMA-co-MMA segments. Controlling the nature and architecture of the side-chains the LCST of the water-soluble polymers was adjusted to the desired value for different potential applications. Correlating rheology with DLS and visual observation it was concluded that the LCST values could be rheollogically evaluated. Moreover, rheology allowed getting inside view in the thermally induced structural changes involving both intra-and intermolecular aggregation processes. The specific temperatures for aggregates formation and the intermolecular collapse were determined. A mechanism supposing one-or two steps was proposed for the temperature-dependent aggregation processes for all the synthesized polymers. As in previous studies [56] a very good correlation was found between DLS and rheological data. Further studies are intended to better clarify the intra-and intermolecular aggregation processes and to establish correlation between rheological behavior and the temperature-induced structural changes in the polymeric systems. Sci. 32, 1205 Sci. 32, (2007 
